It is difficult for free space optical communication to be applied in mobile communication due to the obstruction of obstacles in the environment, which is expected to be solved by reconfigurable intelligent surface technology. The reconfigurable intelligent surface is a new type of digital coding meta-materials, which can reflect, compute and program electromagnetic and optical waves in real time. We purpose a controllable multi-branch wireless optical communication system based on the optical reconfigurable intelligent surface technology. By setting up multiple optical reconfigurable intelligent surface in the environment, multiple artificial channels are built to improve system performance and to reduce the outage probability. Three factors affecting channel coefficients are investigated in this paper, which are beam jitter, jitter of the reconfigurable intelligent surface and the probability of obstruction. Based on the model, we derive the closed-form probability density function of channel coefficients, the asymptotic system's average bit error rate and outage probability for systems with single and multiple branches. It is revealed that the probability density function contains an impulse function, which causes irreducible error rate and outage probability floors. Numerical results indicate that compared with free-space optical communication systems with single direct path, the performance of the multi-branch system is improved and the outage probability is reduced.
probability of obstruction is a new factor that affects channel fading, since the system is assumed to be in an environment with obstacles. The probability should be a quantity that changes slowly over time and varies for different paths and channel lengths.
The contributions of this paper are as follows:
1) Based on optical RIS technology, we design an optical intelligent channel communication system. The aim is to propose a solution to realize stable optical communication in an environment with obstacles, and to broaden the application scenarios of optical communication. Different from the FSO diversity transmission, the RIS node in the system physically reflects the optical signal without receiving and forwarding the signal, thus reducing the cost and communication delay.
2) Physical modeling is performed on the beam jitter and ICRN jitter in systems with RIS and the probability density function (PDF) of pointing error displacement is derived, which is verified by simulation results. Based on the analysis of pointing error and probability of obstruction, the expressions of PDF of SNR, the average bit error rate (BER) and outage probability of systems with single branch and multi-branches are derived, which are verified by simulation results.
3) The system performance gain by increasing the number of channels is analyzed, which reveals that increasing the number of intelligent channels with ICRN can improve system performance and reduce outage probability. However, the performance gain by adding an intelligent channel decreases as the number of channels increases. 4) We propose an optimization scheme for power allocation to multiple intelligent channels at high SNR.
Other sections of this paper is as follows, Section II describes our system model and derives the closed-form PDF of the channel fading. In this model, three new elements are investigated, which are the pointing error when there exists a reflective surface in the optical path, the jitter of the reflective surface and the probability of obstruction in the channel. In Section III, we derive the expressions of asymptotic BER and outage probability of the systems with single branch and multi-branch. Section IV discusses the performance gain for increasing the number of channels and purposes an optimized power allocation scheme for multi-branch at high SNR. Section V presents some numerical results, and Section VI makes several important conclusions.
II. SYSTEM MODEL
As shown in Fig. 1 , in the optical intelligent channel communication system, multiple ICRN nodes are set between the light source and the receiver to build multiple controllable channels, namely intelligent channels. Each ICRN node can deflect the beam without changing the signal's amplitude and phase. Whether ICRN is implemented using optical RIS such as SLM or MEMS, it can be modeled as a mirror that conforms to the law of reflection. Therefore, the jitter of ICRN can be described by the vibration of the mirror's normal vector. In this system, we make the following assumption. AS1) With the cooperation of the transmitter and ICRN, all the beams have been precisely aimed at the center of the receiver.
AS2) The receiver is ideal. That is, the receiver receives all the energy of the incident optical signal from all directions. AS3) M ICRNs are employed in free space. The transmitter transmits signals to all ICRNs simultaneously, and each ICRN directly reflects the signals to the receiver.
Therefore, there are M intelligent channels in the space and the received signal power s can be presented as
where s k is the signal intensity assigned to kth channel, h k is the channel fading of the kth channel and n is the zero-mean Gaussian white noise from the receiver with variance of σ 2 n . In this system, we utilize intensity direct detection (IM/DD) with on-off keying (OOK). The data bits are directly modulated onto the intensity of the optical beam by the transmitter. s k is either 0 or 2α k P t , where P t is the average power of the total transmitted signal, α k is the power allocation coefficient of kth channel. Since the system scenario does not involve long-distance communication (above 500 meters), atmospheric noise can be disregarded. In this system, three factors that affect channel conditions are analyzed, which are the pointing error caused by beam jitter and ICRN jitter and the probability of occlusion.
A. Pointing Error
Due to the mechanical jitter at the transmitter and ICRN, even if the beam has been aimed at the center of the receiver, it will still randomly vibrate within a certain range [20] [25] [26] . In this section, we derive a new model for pointing error caused by beam jitter and ICRN jitter. actual emitted light beam with a jitter, which describes the beam jitter and the deflection error angle β k is is the angle between the ICRN original normal vector and ICRN actual normal vector with jitter, which describes the ICRN jitter. The desired aiming light is aimed at the receiver center and is perpendicular to the receiver plane. From Fig. 2 , we can observe that both θ k and β k cause the displacement R k from the receiver center to actual receiving light spot. In the ICRN plane, a two-dimensional Cartesian coordinate system is established, where the coordinate origin is set where the desired aiming light intersects the ICRN plane and the x-axis ,the desired aiming light beam and the ICRN original normal vector are in the same plane, namely horizontal plane.
The plane consisting of the y-axis and the ICRN original normal vector is named as vertical plane.
From the geometric relationship, we can derive the light beam offset in the ICRN plane
where w k is the path length from the transmitter to the ICRN and α is the incidence angle of the beam. Since θ k is small, R k can be approximated as θ k w k cosα . We decompose 
where σ θx k and σ θy k are the standard deviation of θ x k and θ y k respectively.
We use the deflection of the normal vector of the ICRN to describe the jitter of the ICRN plane. The direction of ICRN normal vector deflection can be decomposed into which in the horizontal plane and in the vertical plane, where the deflection angles are β x k , β y k respectively.
Based on the physical model of mirror jitter [29] [30], we assume that both β x k , β y k are subject to the standard normal distribution with probability density of
where σ βx k and σ βy k are the standard deviation of β x k and β y k respectively.
By symmetry we can assume that
Below we will derive the relationship among θ k , β k and the superimposed pointing error angle x k and θ x k , β x k according to Appendix A as 
The superimposed pointing error angle θ (s) k is the root square sum of the horizontal and vertical angles and can be obtained as
Since θ (s)
x k , θ The cumulative distribution function(CDF) of θ
B. Probability of Obstruction
In this section, we discuss the impact of obstacles on communication performance. We use For a free-space optical channel, we assume that the longer lasers are transmitted, the higher the probability of obstruction appears in the path. Suppose that in an optical channel of one unit length, the probability of obstruction appearing is p o . Therefore, for an optical channel of N unit length, the probability of obstruction appearing is 1 − (1 − p o ) N . Generalizing the observation to continuous channels, we can use P o = 1 − x L to describe the probability of obstruction in the channel, where L is the channel length, x is a constant and 0 < x < 1. In this paper, we assume x = e −η , η > 0. According to the relationship, η is positively related to P o . The PDF of h o can be presented as
where δ(·) is a unit-impulse function.
C. Channel fading
Since θ (s) k is the angle corresponding to the light beam offset in the receiver plane r k , the instantaneous displacement from the receiver center to receiving light spot r k can be presented as
In this system, the Gaussian beam propagates through distance (w k + l k ) from the transmitter to the receiver with aperture radius a. The channel fading caused by pointing error can be approximated as [28] 
where A 0 is the fraction of the collected power at r k = 0, and w zeq is the equivalent beam
wz is the ratio between aperture radius and beam width, and erf (x) = 2 √ π
x 0 e −t 2 dt is the error function. The beam width w z can be approximated by w z = φ(l k + w k ), where φ is the divergence angle of the beam, which describes the increase of the beam radius with the increase of the propagation distance from the transmitter. The approximation in (12) is accurate when wz a > 6 [28] . From (9) and (12), we can obtain the PDF of h p k as
where
Considering the probability of an obstacle, we can obtain the channel power fading of the kth channel as
The CDF of the channel power fading can be presented as
where 1 − n k = 1 − e −η k (l k +w k ) is probability of an obstacle in the kth channel. Taking derivative of (16), we can obtain the PDF of h k as [31] 
III. ERROR RATE AND OUTAGE PROBABILITY PERFORMANCE
A. Summary of Asymptotic Analysis Techniques
Our derivation process requires results from [32] , which we should recall in this section. We can decompose the SNR of the system γ into γ = γµ, where γ represents the average SNR and µ is a random variable. Suppose that the PDF of µ is
where g c µ t is the first non-zero term of f µ (µ) Taylor series expansion at zero, o(µ t ) is the higher-order term. The PDF of γ can be presented as
The outage probability ,which is defined in [33] , can be presented as
The average BER of the coherent modulation scheme with conditional error rate P e (µ) = ρQ( √ γζµ), where Q(·) is the Gaussian function, ρ and ζ are constants associated with the underlying modulation format, is derived by [32] as
where Γ(·) is the gamma function. When it is difficult to obtain the PDF of SNR, we can use the moment generating function (MGF) to obtain g c and t, which can be presented as
where E [·] represents expectation. After obtaining g c and t from (18) or (22), we can obtain the asymptotic outage probability and BER according to (20) and (21) .
B. Asymptotic Performance Analysis of Single-branch System
According to (1), we can assume α k = 1 and E [s 2 k ] = 2P 2 t for single-branch case, and the instantaneous SNR in kth channel γ k can be defined as [28] [34]
Substituting (23) into (16), we can obtain the CDF of γ k as
Then the PDF of γ k can be presented as
Let
represents the average SNR of the kth channel, µ k = h 2 k is a channel-dependent random variable (RV). Then the PDF of µ k is
For IM/DD with OOK modulation, the conditional error rate is P e (µ k ) = Q( 1 2 γ k µ k ). The average BER of the kth channel can be obtained as
where γ(v, z) is an incomplete gamma function and γ(v, z) = z 0 u v−1 e −u du. When γ k → ∞, we can obtain the asymptotic average BER of the kth channel as
We can observe from (28) and (29) that there exists an error rate floor, which is equal to 1−n k 2 . The outage probability of kth channel can be obtained as
where γ th is the outage threshold. It can be seen from (30) that there exists an outage probability floor, which is equal to 1 − n k
The asymptotic MGF of γ k can be derived from (22) as
C. Asymptotic Performance Analysis of Multi-branch System
Considering the M-branch case, the total transmitted power is allocated according to the power allocation coefficient α k . At the receiving end, we utilize maximum ratio combining (MRC) and obtain the SNR of the intelligent channel system as
Suppose that γ k for different channels are independent in this system, then the asymptotic MGF
We need to expand M γ (v) and integrate each term to derive the asymptotic PDF of γ, thus for this higher-order polynomial we need to discard some terms to simplify the expression.
When the system works at high SNR, the higher-order terms of (
can be discarded for formula simplification. When the system works at lower SNR and the probability of obstruction is relatively small, the higher-order terms of 1 − n k can be discarded for formula simplification.
Therefore, in order to make the expression satisfy various situations, we keep both the zeroth and the first-order terms of 1 − n k and (
Then we can obtain the asymptotic PDF of γ as
where m = M −1 k=0 m k . For IM/DD with OOK modulation, as the system's conditional error rate is P e (γ) = Q( 1 2 γ), the asymptotic average BER can be written as
The asymptotic outage probability of the system is
IV. GENERAL DISCUSSION

A. Performance gain by adding an intelligent channel
In order to quantify the performance gain after adding a channel, we suppose that all intelligent channels in the system are exactly the same and analyze the performance gain of adding one channel when there are N channels in the system. According to the assumption that the state of each channel in the system is exactly the same, the transmitting end distributes power evenly to each channel. The average BER of system with N identical channels can be derived from (36) as
The BER performance gain after adding an intelligent channel can be presented as
By analyzing the relationship between g (N ) and N , we can obtain the asymptotic performance gain brought by increasing of the number of intelligent channels.
1) Performance gain at infinite SNR: From (38), we can observe that when P t → ∞, P (N ) e → 1 2 (1−n k ) N , thus g (N ) → 1 1−n k . Therefore, at infinite SNR, each additional intelligent channel can effectively reduce the BER floor caused by the probability of obstruction and the performance gain at infinite SNR is unrelated to N .
2) Performance gain with low probability of obstruction: From (38), we can observe that
.
(40)
With low probability of obstruction, as N increases, the performance gain g (N ) tends to decrease.
For further investigation, the performance gain curve at specific SNR with different probability of obstruction will be presented in Section V, which is based on the relationship between g (N ) and N .
B. Power allocation scheme at high SNR
In the practical scenario, since the channel state information (CSI) of each intelligent channel is different, the power allocated by the transmitting end to each channel should also be different, which is reflected in the power allocation coefficient α k at transmitter in (1) . We take the system's BER as the objective function and minimize the BER by adjusting the value of α k . Therefore, the following optimization equation can be obtained as
(41)
Here we discuss the power allocation scheme in the case of high SNR, so the higher-order terms of (
in (36) can be omitted to simplify the expression, where the average BER can be approximated as
The solution to the optimization problem in (41) can be obtained according to Appendix C as
In this section, we utilize the analytical results to study the performance of the intelligent channel system and the simulation results are used to demonstrate the analytical results. Firstly we will verify the CDF expression of the pointing error displacement r k in an intelligent channel, which is the basis of the analysis of channel fading for intelligent channels.
A. Simulation and Analysis of the Pointing Error in Intelligent Channel
In Fig. 5 , the optical path with beam and ICRN jitter is simulated. Twenty million sets of noise is added to the beam direction at the transmitting end and ICRN normal vector to simulate the actual jitter. It can be intuitively seen from Fig. 5 that the jitter of the outgoing beam at the transmitting end is amplified after being reflected by the ICRN plane. In Fig. 6 , we respectively present the asymptotic CDF and computer simulated CDF for beam offset at the receiver. Monte
Carlo method is used in the simulation to estimate the CDF of the beam offset by counting the number of points in the receiving plane at different distances from the center of the receiver.
The CDF of r k can be derived from (9) and (11) as
It can be seen from Fig. 6 that the asymptotic curve agrees well with the simulation results.
An increase in the standard deviation of pointing error angle σ θ k and deflection error angle σ β k leads to a decrease in F r k (r), which is consistent with (45). 
B. Numerical Simulation of System Performance
In Fig. 7 , we respectively present asymptotic BERs and simulated BERs for single intelligent channel with different jitter values. The asymptotic BER curves are obtained by (28) . The outage probability curves for the same systems with SNR threshold γ th = 5 dB are presented in Fig. 8, where the asymptotic outage probability curves are obtained by (30) . From Fig. 7 , we observe that the simulated BER curves for IM/DD with OOK modulation agree well with the asymptotic BER curves in high SNR regimes. From Fig. 8 , the same behavior can be observed for outage probability. The numerical results indicate that the asymptotic estimation of system performance measures is accurate in large SNR regimes. Figs. 7 and 8 show that there exists BER and outage probability floor at high SNR, which is caused by the probability of obstruction. This observation is expected because from (28) and (30) probability. From Figs. 7 and 8, we can observe that an increase of σ θ k , σ β k , l k , w k , η k will all lead to a decrease in system performance, where η k , w k and l k affect the BER and outage probability level, and σ θ k , σ β k affect the convergence speed of BER and outage probability.
Figs. 9 and 10 show the comparison of BER and outage probability with γ th = 5 dB for systems of single intelligent channel, two intelligent channels and direct path. The asymptotic results of FSO system with direct path can be obtained by [22] [23] . For comparison, we suppose all the intelligent channels in the systems are the same in σ θ k , σ β k , l k , w k , and η k . The parameters in the systems are presented in Table I . From Figs. 9 and 10, we can observe that the simulated curves agree well with asymptotic curves at high SNR, which indicates that the asymptotic estimation is accurate. Figs. 9 and 10 show that the system of direct path has better BER and outage probability performance than the system of single intelligent channel. However, the system of two intelligent channels has the best performance and the lowest BER and outage probability floor among the three systems, which indicates that adding one intelligent channel significantly improves system performance.
In Figs. 11 and 12 , we compare the BER and outage probability with γ th = 5 dB for systems of different number of intelligent channels. For comparison, we assume that the parameters of all intelligent channels in the system are exactly the same. We can observe the asymptotic results agree well with the simulation results at high SNR, which indicates that the asymptotic estimation is accurate. Figs. 11 and 12 show that the performance gap between systems of 2 channels and 3 channels is larger than that between 3 channels and 4 channels, which indicates Asym. k =2 10 -3 , k =1 10 -3 ,l k =100,w k =50, k =5 10 -8 Fig. 8 : Outage probability for single intelligent channel (σ n = 10 −2 , φ = 8 × 10 −3 rad) with different jitter and obstruction probability values, the asymptotic results are obtained from (30) .
that as the number of channels increases, the performance gain by adding one channel becomes smaller. Fig. 13 shows the relationship between the BER performance gain g (N ) and the number of channels N in the system at P t = 20 dBm. From Fig.13 , we can observe that as the number of channels in the system increases, the BER gain brought by adding an intelligent channel decreases continuously. Therefore, when designing the system, we do not need to blindly increase the number of intelligent channels to improve the performance of the system. Fig. 13 shows that as the probability of obstruction increases, the BER performance gain brought by the increase in the number of channels becomes greater, which indicates that adding intelligent channels to the system is an effective method to deal with the obstruction of obstacles that may appear in the channel. 
VI. CONCLUSION
In this paper, we change the propagation path of optical signals by adding optical RIS to the free space optical channel and use multiple optical RIS to implement the diversity transmission of optical signals. In the channel modeling, the influence of the reflection of the optical path on the pointing error and channel fading, the influence of the RIS surface jitter, and the probability of obstacles in the channel are taken into consideration and investigated. Based on the asymptotic analysis and computer simulation, we observe that using optical RIS to increase the number of controllable channels can effectively improve system performance and reduce the probability of communication systems being interrupted by obstacles in the environment. However, as the number of channels increases, the performance gain caused by increasing the number of channels continues to decrease. Therefore, we need to determine the number and placement of RIS according to the actual situation, so as to achieve better communication performance with a lower cost. In addition, in this paper, we set one ICRN to each intelligent channel and suppose each channel is independent of each other, where has no case of signal multi-hop transmission between ICRNs in multiple channels. In subsequent investigation, the effect of multi-hop transmission of signals between ICRNs on system performance can be further studied and the effect of signal multi-hop reflection on the pointing error can be further deduced.
This is the derivation process of (5). In Fig.3 Table I ), the asymptotic results are obtained from (36).
This is the derivation process of (6). In Fig.4 POWER ALLOCATION SCHENME This is the solution process of (41). Firstly, we can obtain the Lagrange function according to the objective function and constraints as L(α 0 , α 1 , · · · , α M −1 ) = 1 2
where λ is the Lagrange multiplier. By taking the partial derivatives of the L(α 0 , α 1 , · · · , α M −1 )
with respect to α 0 , α 1 , · · · , α M −1 and λ, we can obtain the equation set as The solution can be obtained by solving the equation set as
